Signaling Takes a Breath – New Quantitative Perspectives on Bioenergetics and Signal Transduction  by Krauss, Stefan et al.
Immunity, Vol. 15, 497–502, October, 2001, Copyright 2001 by Cell Press
MinireviewSignaling Takes a Breath – New
Quantitative Perspectives on
Bioenergetics and Signal Transduction
cellular processes and coordinate the changes in energy
metabolism during stimulation (Krauss and Brand,
2000). In this review, we discuss the relationship be-
tween signal transduction and energy metabolism in T
lymphocytes. We describe current knowledge about the
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including the maintenance of ionic integrity, volume reg-
Immune cells are in constant need of energy for both ulation, and cell growth. Under these circumstances,
basic housekeeping and specific immune functions. the ATP produced is used for protein synthesis and Na-
Increased energy demand during lymphocyte stimula- K-ATPase, whereas RNA/DNA synthesis, ATP-depen-
tion is coordinated by signal transduction pathways. dent proteolysis, and Ca2-ATPase do not significantly
This review explores the interface between lympho- contribute to ATP consumption. Interestingly, much of
cyte signaling and energy metabolism. In particular, it the ATP usage is for unidentified processes including
discusses recent work that allows weighing signaling (1) those connected with the turnover of membrane
routes with respect to their role in the regulation of phospholipids, (2) several different specific immune
energy metabolism during lymphocyte activation. functions (see below) that are less important bioenerget-
ically, and (3) catabolic cycles that have no other appar-
ent effect than the hydrolysis of ATP (futile cycles), which
All cells must make free energy from external sources may keep the cells in stand-by mode ready for immedi-
available for many different cellular processes and meet ate activation. Indeed, the bioenergetic situation is
energy requirements under a variety of conditions ac- changed dramatically and within seconds if thymocytes
cording to their specific functions. In immune cells, there or T cells are activated. The energy metabolism of T
is a constant need of energy for both basic housekeep- cells is among the first cellular processes to respond to
ing and specific immune functions (Buttgereit et al., stimulation by antigens or other mitogens. In thymo-
2000). Most of the activities of immune cells depend cytes incubated in a medium where glycolysis is negligi-
directly or indirectly on cellular energy supply, including ble, the immediate increase in respiration rate upon
significant ATP consumption for specific immune func- stimulation with Concanavalin A (Con A) is remarkable:
tions such as cytokinesis, migration, phagocytosis, anti- oxygen consumption can increase by 40%. In this situa-
gen processing and presentation, lymphocyte activation tion, “cellular respiration” may be viewed bioenergeti-
(including signaling), and effector functions (synthesis cally as a complex function of cellular activities that
of antibodies, cytotoxicity, and regulatory functions). contribute to the production and consumption of ATP
Consequently, there is a greater demand for ATP or (Krauss et al., 1999). Reactions on the producer side
other high-energy nucleoside triphosphates if the cells include the oxidation of substrates, electron transport,
enter a state of high biochemical activity after stimula- and proton pumping by the complexes of the mitochon-
tion. On the other hand, processes crucial for specific drial electron transport chain. On the consumer side,
immune functions are quickly impaired when immune Con A stimulation is followed within seconds by a signifi-
cells are deprived of energy (Buttgereit et al., 2000). cantly greater demand for ATP by protein biosynthesis
Recent work has brought new insights into the regula- and Na, K-ATPase, but — in sharp contrast to quies-
tion of energy metabolism. It is no longer viewed as a cent cells — Ca2-ATPase and RNA/DNA synthesis also
simple matter of increased or decreased ATP demand. contribute significantly to ATP consumption (Buttgereit
Like ATP consumption, it turns out that ATP production et al., 2000).
is controlled by many different factors. The activation These changes reflect the proper functioning of a
of T lymphocytes is of special interest since it relies background machinery that enables T cells to meet their
on finely tuned signaling pathways that target specific specific requirements upon activation, such as the inten-
sified pumping of ions (cation cycling) and the increased
synthesis of macromolecules (e.g., cytokines, G proteins4 Correspondence: skrauss@caregroup.harvard.edu
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or other regulatory proteins; several types of kinases, Signal Transduction and Energy Metabolism
phosphatases or synthases; enzymes of arachidonate
and cyclic nucleotide metabolism or other effector pro- Signal Transduction in T Cells
teins; adhesion/deadhesion and other surface mole- T cell activation is usually discussed with respect to
cules). Stimulation of T cells also results in increased signaling mechanisms that lie downstream of the T cell
ATP use for specific immune functions that are not di- receptor, and much of what we know comes from stud-
rectly mediated via cation transport or macromolecule ies using mitogenic (polyclonal) stimulation of cells.
synthesis, such as cell motor functions (migration) or Lymphocytes are generally quiescent and require anti-
different phosphorylation reactions (see below). More- genic or mitogenic stimulation to progress from the G0
over, the turnover of membrane phospholipids is also stage of the cell cycle. Few T cells from unimmunized
markedly increased. At first glance, these effects to- animals are specific for a particular cell surface peptide-
gether cause a greater ATP demand than is available MHC complex, so it is difficult to measure antigen-spe-
from increased production. This apparent discrepancy cific bioenergetic responses in a cell population. Experi-
is resolved by the observation that unexplained ATP mental use of polyclonal activators overcomes this
usage is about 50% in quiescent cells but only about problem; they bind to many TCR complexes irrespective
20% in Con A-stimulated cells. of specificity, mimicking antigen plus MHC-induced per-
Extracellular signals can act in different ways to mod- turbations of the TCR complex. In essence, polyclonal
ify lymphocyte energy metabolism, for example in order mitogens trigger essentially the same growth response
to facilitate activation and proliferation, or to prevent mechanisms as antigens, but possibly with different rel-
cells from undergoing apoptosis. Brand and Hermfisse ative potency and intensity. Mitogens are, however,
(1997) recently reported the interesting finding that pro- quite promiscuous with respect to the cell surface com-
liferating thymocytes meet their ATP demand mainly by ponents that they bind to; thus, other cell surface recep-
glycolytic degradation when sufficient glucose is avail- tors may be engaged and contribute to the signal being
able, whereas resting thymocytes produce ATP up to measured. Such drawbacks must be borne in mind when
88% by oxidative breakdown. Aerobic glycolysis by pro- interpreting results from experiments that involve mi-
liferating cells is thought to minimize oxidative stress togens.
during the phases of the cell cycle where the above- Clustering of T cell receptor complexes triggers intra-
mentioned enhanced processes of energy metabolism cellular pathways that induce a variety of short- and
and cell division occur. On the other hand, it is well long-term effects (Figure 1) that may be divided into
established that lymphocytes deprived of receptor stim- membrane-related proximal events, cytoplasmic signal-
ulation undergo progressive atrophy before commit- ing, immediate adaptation of cellular metabolism, and
ment to apoptosis. T cells require some form of receptor the nuclear transcription of genes. In more molecular
engagement to avoid death by neglect. In this regard, it detail, engagement of the TCR initially leads to activation
has been reported very recently that the loss of receptor of nonreceptor tyrosine kinases such as Zap-70, p59fyn,
engagement is rapidly followed by downregulation of and p56lck. Activated ZAP-70 phosphorylates tyrosine
glucose transport. This is accompanied by a reduction residues on various adaptor molecules. The adaptor
molecules act as docking sites for cellular signaling en-in mitochondrial potential and cellular ATP (Rathmell et
al., 2000). Thus, ligands for cell-specific receptors may zymes, namely PLC1 and molecules related to the ras /
rac pathways. These pathways couple TCR engagementpromote cell survival by regulating nutrient uptake and
utilization. to a number of cellular responses. Major pathways in-
clude Ca2-related signal transduction, calcineurin, andIt is still largely unknown how such states of changed
energy metabolism are actually induced. We do know, the PKC pathway. Ras activation includes formation of
the GTP-bound form of Ras, which engages the mito-however, that, for example, high energy turnover is not
merely controlled by increased ATP demand; this has gen-activated protein (MAP) kinase cascade. Similarly,
Rac*GTP initiates a parallel MAPK cascade. The MAPbeen shown experimentally by the application of meta-
bolic control analysis to metabolic pathways in cells and kinase pathway eventually leads to activation of ERK
(extracellular receptor-activated kinase), which phos-organelles. Control analysis describes regulation and
control in metabolism in a useful, quantitative fashion phorylates Elk. This in turn stimulates transcription of Fos,
a component of AP-1 transcription factor. Rac*GTP-(see later sections of this review). On a “metabolic path-
way only” level, it shows that respiration is controlled related signaling activates JNK (the c-Jun N-terminal
kinase), causing activation of c-Jun, another componentnot only by ATP turnover but also significantly by other
bioenergetic pathways such as substrate oxidation and of AP-1.
ZAP-70 activation also leads to activation of the 1the mitochondrial proton leak. So how are the drastic
changes in respiration during activation ( cellular activ- isoform of phospholipase C (Figure 1). PLC1 is re-
cruited to the plasma membrane by tyrosine phosphory-ities that contribute to the production and consumption
of ATP) achieved when signal transduction is included lated adaptor proteins, where it hydrolyzes PIP2. The
breakdown products, inositol 1,4,5-trisphosphate (IP3)in the picture? Current knowledge of T cell antigen re-
ceptor-mediated signal transduction has been exten- and diacylglycerol (DAG), activate two distinct T cell
signaling pathways. DAG engages protein kinase Csively reviewed elsewhere (e.g., Judd and Koretzky,
2000). Therefore, we will only briefly recapitulate the (PKC), which phosphorylates other cytosolic targets and
participates in the generation of active transcription fac-main signal transduction pathways and then show how
they may target metabolic pathways related to energy tors. IP3 induces a rapid rise in cytosolic free calcium
from intracellular stores as well as extracellular sources.metabolism. We conclude with a discussion of a recent
quantitative approach to signal transduction. Ca2 binds to calmodulin, an abundant regulatory pro-
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Figure 1. Quantitative Aspects of Signal Transduction Related to Energy Metabolism in T Cells
The relative importance of TCR-mediated signals and subsignals through particular pathways is shown: PKC-related pathways carry 54% of
the signal and calcineurin-related pathways carry 30%. The remainder is carried by other processes (data are for Con A, from Krauss & Brand,
2000). The figure also shows the interaction of these signaling pathways with processes of energy metabolism such as cation transport,
macromolecule synthesis, or phosphorylation cascades.
tein that activates several other targets when bound to routes (Krauss and Brand, 2000). Energy metabolism
was used as a marker of T cell stimulation, as it is theCa2, such as the protein threonine phosphatase cal-
cineurin. Calcineurin activates the transcription factor crucial link between activation of T cells and the re-
sponses that follow. The key question then becomesNFAT, which translocates to the nucleus where it is
required for the expression of cytokines (IL-2, IL-4, TNF, what is the potential of a specific pathway to regulate
energy metabolism in tune with the increased energyand others).
In summary, there is a clear picture of the mechanisms demands of stimulated T cells?
Before answering this question, we should brieflyof signal transduction in T cells. However, almost noth-
ing was known about the relative importance of the highlight what is known about the roles of individual
signaling pathways in T cell energy metabolism.individual components of these systems in triggering
particular functional responses. Usually, signal trans-
duction schemes are simple topological maps, exhib- Mediators of Signal Transduction and Their Effects
on Energy Metabolismiting signaling routes as equal contributors in the inter-
play between signals and cellular responses. Obviously, Calcium-Mediated Effects on Cellular
Energy Metabolismthis picture must be far too simple, or even wrong, but
it serves well as a reductionist simplification where a Activation of lymphocytes is usually accompanied by a
rise in cytosolic Ca2. Calcium signals are importantmanagable yet informative quantitative overview seems
impossible to achieve. Quantitative aspects of signal in the regulation of mitochondrial metabolism (Duchen,
1999), providing one mechanism that couples cellularprocessing in T cells have earned increasing attention
(Gett and Hodgkin, 2000; Krauss and Brand, 2000). Re- energy demand to increased ATP production through
calcium-dependent upregulation of mitochondrial en-cent examination of mitogenic stimulation of energy me-
tabolism in T cells has addressed this problem and pro- zyme activity. Enzymes of the citric acid cycle may be
upregulated by Ca2 either directly or through the regu-vides an elegant way of weighting diverging signal
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lation of phosphorylation (McCormack et al., 1990). Mi- and/or small GTP binding proteins may also regulate
tochondria can be tuned to oscillating cytosolic Ca2 NHE1 function, the latter through multiple distinct
signals (such as those induced by IP3-dependent hor- pathways.
mones) which can control Ca2-sensitive mitochondrial Protein Kinases (PKC and MAPK)
dehydrogenases over the full range of potential activities Protein kinase cascades amplify signals by serially
via their frequency (Hajno´czky et al., 1995). Stimulation phosphorylating target kinases. Cascade architecture
of reactions that produce NADH and FADH (such as the confers switch-like behavior on the signaling pathway
Ca2-sensitive dehydrogenases of the citric acid cycle) (Huang and Ferrell, 1996) and may help cells to identify
increase the rate of respiration in cells, as does the signal thresholds. We speculate that, because of the
decrease in m that is one of the most immediate amplification, ATP utilization in phosphorylation reac-
consequences of mitochondrial Ca2 uptake. There is tions is quite significant. Pharmacological activators of
also a stimulation by calcium of the reactions of ATP protein kinases have the potential to increase energy
production and export (Kavanagh et al., 2000) and of flow in lymphocytes. PMA (phorbol myristate acetate)
ATP consumption by the (Ca2Mg2)-ATPase, a major activates PKC and stimulates T cell cytokine secretion
consumer of ATP in Con A-stimulated cells (Buttgereit and proliferation, mimicking functional responses of T
and Brand, 1995). Mitochondria may also help to regu- cells to antigens. Similarly, neutrophils and lymphocytes
late Ca2 release activated Ca2 (CRAC) channels in T respond to PMA treatment with a sudden rise in oxygen
cells and thus help sustain the elevation of [Ca2]i re- consumption (oxidative burst). The exact cause of this
quired to drive nuclear translocation of NFAT (Hoth et phenomenon is unclear, but it suggests that kinases
al., 2000). The latter is an essential prerequisite for the such as PKC are capable and involved in controlling
expression of interleukin-2 and other T cell activation energy flow in mitochondria of lymphocytes during acti-
genes after exposure to antigen, thus driving the de- vation. Because kinases utilize ATP, one would assume
mand for ATP. In summary, Ca2 interacts with bioener- that such control is mainly via ATP consumption. How-
getic pathways directly and indirectly in a variety of ways ever, the mitochondrial membrane potential of thymo-
over an extended time frame. cytes stimulated with Con A can increase or decrease
Calcineurin Effects on Cellular Energy Metabolism depending on the concentration of the mitogen (Krauss
Calcineurin has diverse functions in cellular metabolism. and Brand, 2000). Thus, the short-term increase in respi-
In lymphocytes, it is involved in many processes includ- ration could be due to either increased ATP demand or
ing neutrophil chemokinesis, lymphocyte degranulation, stimulation of substrate oxidation (see above), or both,
apoptosis, and macrophage effector functions (Rusnak and protein kinases may be involved in mediating either
and Mertz, 2000). A direct involvement of calcineurin in effect.
regulating energy metabolism has not been reported.
However, calcineurin plays a role in processes that have Quantitative Analysis of How Signal Transduction
potential to bear on oxygen consumption, such as (1) Changes Energy Metabolism
dephosphorylation of Ca2 channels, changing their
conductive properties, (2) activation of T cells by cal-
Signal transduction pathways facilitate and regulate the
cineurin-dependent dephosphorylation of the NFAT
increased energy requirements of T cells upon mito-
transcription factors, and (3) activation of protein phos-
genic stimulation. However, our current picture is largely
phatase 1 by inducing its dissociation from inhibitor 1
incomplete and disjointed and has several flaws. First,(a small inhibitor protein). Such effects might be medi-
it is often unclear whether engagement of a signalingated by adaptor proteins that link calcineurin to other
pathway and observed changes in energy metabolismsignaling routes, thereby changing phosphorylation or
are related causally or coincidentally. Second, the largeother activities (Guerini, 1997). Conversely, calcineurin
number of signaling pathways induced upon TCR en-activity seems sensitive to redox state changes (Wang et
gagement seems to make it impossible to establish aal., 1996; Reiter et al., 1999), indicating that calcineurin-
manageable and meaningful overview. Third, if a path-related signaling and mitochondrial functions are inte-
way does play a role in the adaptation of energy metabo-grated in a redox-dependent manner. In summary, cal-
lism to the needs of an activated T cell, how quantita-cineurin related pathways in immune cells are likely to
tively important is it in relation to other pathways?affect bioenergetics and vice versa.
Finally, and perhaps most importantly, precisely how doSignal Transduction, Intracellular pH, and ATP
multiple signal transduction and metabolic pathwaysUpon stimulation, T cells must manage the temporary
interact to produce metabolic (and other, for examplevariations in pH or face impairment of cellular functions.
transcriptional) responses? Application of control analy-Mitogenic stimulation of lymphocytes with Con A rapidly
sis to signal transduction has allowed these problems toincreases cytosolic pH and activates the Na/H anti-
be addressed systematically (Krauss and Brand, 2000).porter. This pH maintenance requires ATP and is regu-
Metabolic control analysis is a theoretical frameworklated by signal transduction pathways.
that provides quantitative definitions of control and reg-Many transporters contribute to the homeostasis of
ulation in biological systems. In essence, pathway fluxespH. The vacuolar H-ATPases and the Na/K-ATPase
and kinetic properties of definable components of aare directly ATP driven. NHE1, a ubiquitous form of the
metabolic system (e.g., enzymatic steps or transportNa/H-exchanger, is activated and phosphorylated
steps, but also groups of reactions) are determined ex-upon mitogenic activation. The exchanger binds cal-
perimentally. These data (e.g., oxygen consumptionmodulin, and calcium/calmodulin appears to regulate
rates representing metabolic fluxes, and mitochondrialthe activation of NHE1, providing a phosphorylation-
independent mechanism. Furthermore, heterotrimeric membrane potential as an “intermediate” of energy me-
Minireview
501
membrane potential did not change upon stimulation,
so unknown signaling pathways must have strongly acti-
vated the reactions generating mitochondrial membrane
potential (Figure 2), providing homeostasis. Thus, even
unknown reactions can be characterized with respect
to their quantitative involvement in signaling.
Like all signal transduction models, this scheme is a
simplification that conceptually condenses the spatial
and temporal aspects of signal transduction in a two-
dimensional way by choosing experimental parameters.
What is lost in resolution is gained in clarity: the scheme
does reveal useful quantitative and causal relationships
between the components of the system. More detailed
pathways can be included in further analyses.
Quantitative analyses of signal transduction have po-
tential to point to key pathways involved in T cell pathol-
Figure 2. Con A-Induced Effects on Producers and Consumers of ogies, with possibly important clinical implications. Im-
Mitochondrial Membrane Potential (m) pairments in signaling may play a role in autoimmune
The Con A signal is partitioned into weighted subsignals (PKC, cal- diseases — an example is systemic lupus erythemato-
cineurin, other pathways), as well as the partial integrated responses sus, where pathologies have been related to defective
that describe the partitioning of these subsignals through particular
signal transduction (Mishra et al., 2000). Also, impaired Tpathways either to inhibit or to stimulate the steady-state activities
cell signal transduction may lead to a variety of immuneof the m -producers and m -consumers (adapted from Krauss and
Brand, 2000). deficiency-related problems (Rosen et al, 1999).
Summary and Perspectives
The possibilities for signal transduction pathways to in-tabolism, see Buttgereit and Brand, 1995) are then used
teract directly or indirectly with pathways of energy me-to work out control patterns that describe control over
tabolism are vast, which is not surprising as energypathways fluxes by the system components of interest.
metabolism lies at the heart of every cell’s biologicalControl analysis has been successfully applied experi-
activity. It is obvious that the interactions discussedmentally to problems of internal control and external
here present only a starting point, but they show thatregulation of metabolic systems (for extensive review
cellular energetics and immune cell function are inti-of the method in general, see Fell, 1997). Its application
mately related in ways that are often more complicatedto signaling numerically weights the importance of a
than one might at first expect.particular signal transduction pathway (relative to other
There may be many more, as yet undiscovered, wayspathways) in regulating respiration. The quantitative to-
in which signaling systems participate in the regulationpology of a simple system of signal transduction path-
of cellular ATP production and consumption rates andways (PKC, MAPK, calcineurin) affecting respiration dur-
are themselves controlled by ATP production and con-ing stimulation is mapped out by using suitable specific
sumption. Moreover, the quantitative dimensions ofinhibitors.
known interactions need to be investigated further. ForRespiration is a complex marker of thymocyte activa-
example, it is not known how much cellular phosphoryla-tion, comprising many different reactions and steps (see
tion reactions that are triggered during T cell stimulationabove). Thus, in the second step of the analysis, we
are balanced against dephosphorylation reactions.established the contribution of signal transduction to
Such changes may well affect the phosphorylation po-the regulation of groups of reactions that generate and
tential of cells during early stimulation and thereby mod-dissipate mitochondrial membrane potential (and that,
ulate the rates of oxidative phosphorylation.by extrapolation, generate ATP).
The use of Con A has illustrated the potential of ana-The main results are summarized in Figure 2. The
lyzing quantitatively the interaction of signal transduc-mitogen-induced stimulation of respiration depended
tion and bioenergetic pathways. In future, it will be inter-greatly on the PKC pathway: 54% of the signal went
esting to look at the contribution of other, more definedthrough this signaling route (Figure 2). MAPK was func-
receptor stimuli to the regulation of energy metabolism,tionally downstream of PKC, carrying the majority of the
and include additional receptor mediated costimuli. InPKC-related portion of the signal. Calcineurin indepen-
this regard, T cell receptor (TCR) transgenic mice anddently contributed 30% of the signal. 16% of the signal
the use of peptide-MHC complex multimers (tetramers)was carried by unidentified processes. Thus, the PKC/
will be extremely powerful tools. Eventually, by combin-MAPK route is a major carrier of the signal, and cal-
ing genetic and analytical approaches such as controlcineurin plays a lesser (but significant) role. Bearing in
analysis, it will be possible to draw detailed maps of themind the drawbacks we have discussed above for mito-
regulation of energy metabolism and how it interfacesgenic stimulation as compared to antigenic stimulation,
with signal transduction.such a description of signal transduction opens a new
quantitative perspective on T cell signaling. Selected Reading
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